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PRECOOLED HYDROGEN AND HELIUM AT
SURFACE TEMPERATURES UP TO 5300° R

by Maynard F. Taylor

Lewis Research Center

SUMMARY 141 E;CD‘C)

Local values of heat-transfer coefficients and average friction coeffi-
cients were measured experimentally for precooled hydrogen and helium gases
flowing through an electrically heated tungsten tube with a length-diameter
ratio of 77 for the following range of conditions: local surface temperatures
up to 5300° R, inlet gas temperatures from 252° to 325° R, inlet pressures from
37 to 93 pounds per square inch absolute, local bulk Reynolds numbers from
5700 to 48,400, local ratios of surface to bulk gas temperature up to 8, and
local heat fluxes up to 2,370,000 Btu per hour per square foot.

A comparison of several methods of correlating local heat-transfer coef-
ficients was made for several types of wall temperature distributions, and one
method was found to work exceedingly well in correlating hydrogen and helium
data with surface to bulk gas temperature ratios up to 8.

Average friction coefficients for both helium and hydrogen are compared
with the Karman-Nikuradse relation.

INTRODUCTION

One very interesting and important problem encountered in the proposed use
of a nuclear reactor to heat hydrogen to propel a rocket is the effect of large
property variations of the gas on its heat-transfer characteristics. The
variations can be due to dissociation of the fluid or to large differences be-
tween surface and bulk gas temperatures or both. The ratio of surface to gas
temperature can be as high as 25 at the inlet of a nuclear reactor if, for ex-
ample, the surface temperature is 5000° R and the inlet gas temperature is
200° R. Some degree of dissociation will occur in the fluid adjacent to the
fueled surface through most of the reactor and will occur in the bulk hydrogen
at the reactor outlet. The effect of the large variations in the thermodynamic
and transport properties on the heat-transfer characteristics of hydrogen is
very important in the design considerations for nuclear-rocket-powered space
vehicles. '



TABLE I. - TEST CONDITIONS FROM VARIOUS SOURCES OF DATA

Source |Tube length- [Maximum|Maximum|Maximum|Inlet pres-| Heat- Types
diameter |surface| local |average| sure, transfer of
ratio to bulk|surfacel|surface 1b fluid heat -
temper-|temper-|temper~|sq in. abs transfer
ature | ature,| ature, coef-
ratio OR OR ficient
measured
Ref. 1 30 to 120 3.5 —— 3050 ——- Air Average
Ref. 2 (20.9 to 42.6| 11.09 -—— 2240 250 Helium Local
and
hydro-
gen
Ref. 3 250 4.5 2300 ---- |[250 to 1000 |Helium Local
and
hydro-
gen
Ref. 4 389 1.39 5040 3900 500 to 1500 {Helium Local
and
aver-
age
Ref. 5 60 and 92 3.9 5900 4533 40 Helium Local
and
aver-
age
Ref. 6 77 5.6 5600 4749 40 to 100 |Helium Local
and
hydro-
gen
(a) 23.2 4.52 | 4600 | ---- |110 to 850 |Helium |Average
and
hydro-
gen
Present 77 8.0 5300 4483 37 to 93 |[Helium |Local
inves- and
tiga- hydro-~
tion gen

npublished data from Herbert J. Newman of Los Alamos Scientific ILab-
oratory.

Reference 1 presents considerable data showing the effect of surface to
fluid temperature ratio on the heat-transfer coefficient for air. Other in-
vestigations using helium and hydrogen and extending the range of surface to
fluid temperature ratio (refs. 2 and 3) or the range of wall temperature
(ref. 4) or both (refs. 5 and 6) have been presented. The conditions for which
data were obtained in references 1 to 6 and in the present investigation are
presented in table I. Reference 3 used an Inconel test sectlion and lowered the
inlet gas temperature with a liquid nitrogen bath. The melting point of
Inconel limited the wall to fluid bulk temperature ratio to 4.5 in reference 3,
while the room temperature inlet gas and the melting point of the tungsten test
section limited the wall to bulk temperature ratio to 5.6 in reference 6. In
the present investigation, a tungsten test section was used to obtain high wall
temperatures, while the inlet gas temperature was lowered with liquid nitrogen
to obtain surface to bulk fluid temperature ratios as high as 8. The experi-
mental heat-transfer data from the present investigation are presented along
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with a recommended method for correlation.

EXPERTMENTAI APPARATUS

The test apparatus, test section, and instrumentation were the same as
that described in reference 6 except that a liquid-nitrogen precooler was added
to the inlet gas line as shown in figure 1. The precooler consisted of a 30-
gallon stainless-steel tank in which a nine-turn coil of copper tubing was im-
mersed in liquid nitrogen. The liquid level was held constant with a float
switch. The tank was insulated with plastic foam.

The test section was fabricated and instrumented in the same manner as the
one used in reference 6. The tungsten test section used in this experiment had

. Molybdenum radiation shields
<Test section 1 |
\ /-(lf-ln. diam.)
(l%—in. diam.) Water-cooled
\
.. ? electrical
@ o . z'xl'(ng r—_j connector
Tungsten radiation shield L P
(1-in. diam.) =F —— — — Station 2
Section A-A Zzzim
T I !
A A
== —— — +— Station 1
Steel Mixing T
containment| 4. -
tank gL
Gas | 5= Water-cooled
:up&) y electrical
an connector
Pressure-regulating W Flat-plate orifice >3 I
valve ,f Liquid-nitrogen cooler
CD-7889

Figure 1. - Schematic diagram of arrangement of test apparatus.

an inside diameter of 0.115 inch, a heat-transfer length of 9 inches, and an
entrance length of 14 diameters. The inlet gas temperature was measured with
copper-constantan thermocouples with a liquid-nitrogen cold junction.

METHOD OF CALCULATION

The chemically frozen (chemical reaction term not included) transport and
thermodynamic properties of hydrogen and helium used in the calculations of the
heat-transfer and friction coefficients in this investigation were precisely
the same as those used in reference 6, as were the physical properties of tung-
sten and molybdenum.

The average friction and local heat-transfer coefficients were calculated
by the method used in reference 6. Local heat-transfer coefficients were ap-



proximated by dividing the test-section length into 10 equal increments and
evaluating average coefficients for those small increments. Coefficients for
the first and last increment were not used because of the large end losses.

RESULTS AND DISCUSSION

Axial Wall Temperature Distributions

Four axial outside wall temperature distributions, two for uncooled inlet
gas and two for precooled inlet gas, are shown in figure 2 as a function of

distance from the test-section entrance.

Temperature measurements, including

thermocouple and optical pyrometer readings for each run, are also shown. Ex-
perimental data including local h, T, and T, for runs 1 to 23 (uncooled
runs) are listed in table II of reference 8, while runs 32 to 52 (precooled
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Figure 2. - Comparison of wall temperature distributions for cooled and un-
cooled inlet hydrogen based on flow rate and maximum wall temperature,

runs) are summarized in
table II of this report.
(A1l symbols are defined
in the appendix.) Fig-
ure 2 contains a compari-
son of run 17 with run 51
and run 18 with run 52.
The runs compared have the
same flow rate and maximum
wall temperature. It can
be seen from figure 2 that
there is an increase in
the surface temperature
near the entrance of the
tube for the runs with
cooled inlet gas over that
of the runs where the in-
let gas is not cooled.

The increase is a result
of two factors. First,
the ratio of surface to
bulk fluid temperature is
increased by lowering the
fluid temperature. This
is accompanied by a de-
crease in the heat-transfer
coefficient, which tends
to increase the surface
temperature further.
Second, the effect of in-
creasing the ratio of sur-
face to bulk fluid tem-
perature is magnified by
the increased electrical
resistivity of tungsten at
higher temperatures. The
large axial temperature




gradients at the entrance and the exit of the test section are the result of

conduction losses to the connecting flanges, the mixing tanks, and the elec-
trical connectors.

The heat-transfer parameters for the four hydrogen runs in figure 2 will
be shown and discussed in the section Heat-Transfer Coefficients.

Friction Coefficients

As in reference 6, only average friction coefficients were measured. The
friction coefficients for hydrogen and helium are shown in figure 3. The line
representing the Kérman-Nikuradse relation between friction coefficient and
Reynolds number for turbulent flow given by

T
1l = 2 log Re V'BE—O.B (1)

VI

and the laminar flow line given by

ool Hy

8
=% (2)
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are included in figure 3 for comparison.
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Figure 3. - Correlation of average friction coefficients. Viscosity and density evaluated
at bulk temperature.
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The hydrogen and helium runs without heat addition are in good agreement
with the Karman-Nikuradse relation. The friction coefficients for the helium
runs with heat addition in this investigation agree with those of reference 6;
neither agrees with the predicted line, however. The hydrogen friction data of
this investigation fall below the hydrogen data of reference 8. The conclusion
that must be drawn from figure 3 is that there is a& need for further study of
friction coefficients for conditions where the physical properties and density
vary greatly in both the radial and axial directions.

Heat-Transfer Coefficients

In the present investigation as in reference 6, only local heat-transfer
coefficients were calculated. The results of reference 6 indicate that, while
some local heat-transfer data can be correlated to within *10 percent by using
the following equation

W ap\O- 8/ O- 8 [(c.) 7] O- 4
X = 0. 021 (E;) (T;) ﬁf (3)

The deta with large axial gradients in heat flux and surface temperature near
the test-section entrance introduced deviations of as much as 30 percent from
the correlation line. Data of the present investigation that have greater
axial gradients in heat flux and surface temperature nearer the test-section
entrance deviate as much as 60 percent from the correlation line (see fig. 4).

Reference 7 investigates the various methods of correlating hydrogen heat-
transfer data proposed in references 2, 8, 9, and 10. The following correlat-
ing equations were proposed:

7\~0-55
Nup, = 0.025 Red-Opr0-+ (%) (ref. 2) (4)
-0.5
_0.2 (T
h = ¢y Op 0.2 (—%) (ref. 8) (5)

where Co, 1s 0.048 for hydrogen and 0.020 for helium

. -(o. 29+0. 0056 -]I-)‘—)
Nu, = 0.024 ReD:Oprl-* (-T_‘—-"’) (ref. 9) (6)
b

along with a determination of reference temperature for evaluating the prop-
erties used in heat-transfer equations. The reference temperature Ty 1is de-
fined by

Tx =x (T, - Ty) + T (ref. 10) (7)

Both the hydrogen and helium heat-transfer data of this investigation and
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Figure 5. - Correlation of local heat-transfer coefficients using equation (4).




Local heat-transfer coefficient, h, Btullhr)sq f)(CR)

6000,

| Tw/Ty %
4000— o 1.5t019
0 20to24
O 25129
5 30t03.4
2000 © 351039 ,/
& 40t04.4
4 45t049
N 50t05.4
v 551059
1000— 2 6.0t06.4
800— © 6.51t06.9 0
I— © 7.0t7.4 TiNeos
600— © 7.5t08.0
. ; ; L A o
! 1 '3 0
e A ——— |
1 i L) ¢ '0.5
et g0 608 p 02 1W
2 /
100 /
(a) Hydrogen.
1000 Vi
800
600
k&
40 .
T
i ‘1 [ s)
20 REEyZ 1
| // 0.5
/ h=002060-8 p0. 2(_w>
T
100 }
80 —+
60
40
2
103 10? 10°

Figure 6. - Correlation of local heat-transfer coefficients using equation (5).

(60 8p0- 27 T, (10108t ry0- By 1. 8

(b) Helium.



10

0.8 [ic. )y 110 4/7.\-[0. 29 +0. 0019(L/D)]
200 m)=0.021(@) ool Tw
ko p kp T
|
vd
Ty od
wl © L5tl9
L o 20t24
80~ o 25t29
- A 30t03.4 L
60 ¢ 351039
- N 40t04.4
oL 4 451049
< 5.0t05.4
. 7 5.5t05.9
o 6.0t06.4 3
5 o 5 6.5t06.9 %
= - o 7.0to7.4
5 o 1.5t80 |/
=
? ‘
§ 10
g: (a) Hydrogen.
:; 400
;.\
e
S 1 0.4 /7 \-[0. 29+0.0019(L/D)]
z 2 @=o.021(G_D>0’8 ol ol™ " Tw
L1
4
100 y
80 - %
60 -
LY Yy
VS
B |
20 % o
10 /
10° 10

Figure 7. - Correlation of local heat-transfer coefficients using equation (8).

Bulk Reynolds number, Re, = GD/ub
(b) Helium,

10°




lw T T T T T T LI
0.8/T, 0.8 c) 0.4
8 1. B (@) To) " ple b
6 i u/ \Tg ke
/
y
40 j/
>4
;‘:_ Run
< o 1
S L 4 51
P o 18
a 52
1) |
8
6
4
108 o iy 10°
Modified film Reynolds number, Re; = (GD/uHT/To)
(a) Using egquation (3).
400
0.4 -{0, 29+0, 001%L/D
@-0021(@)M b (I!)m oD
k ) Hy, kb Tb %
8 /]
= e
s e
s
g 1 .2
&
=
=
;;
—_——
= M
&
=3
e
= //
2 //
10 /
103 104 10°

Bulk Reynolds number, Rey = GDIub
(b} Using equation (8).
Figure 8. - Correlation of hydrogen runs 17, 18, 51, and 52,

11



reference 6 correlated by equation (4) are shown in figure 5. There appears to
be no improvement over the film correlation, merely a shift of the greatest
amount of scatter from low to high Reynolds number.

Equation (7) could not be used because the range of Reynolds numbers pre-
sented in reference 10 was not low enough to include the uncorrelated data of
either this investigation or reference 6. Reference 7 shows that this method
does not correlate high Reynolds number data as well as equation (3) does.

Equation (5) attempts to correlate heat-transfer data by removing the
properties from the conventional heat-transfer equation to simplify calcula-
tions. The heat-transfer data for hydrogen and helium are shown in figure 6.
Both the hydrogen and helium data of reference 6 and this investigation fall as
high as 40 percent above the correlation line. This cannot be corrected by in-
creasing the constant Cp in equation (5) because the data of reference 3 fall
considerably below the correlation line.

A very good correlation can be obtained for the hydrogen and helium heat-
transfer data of reference 6 and the present investigation with equation (8),
as shown in figure 7. 'The exponent of the surface to fluid bulk temperature
ratio was decreased from 0.29 + 0.0056 to 0.29 + 0.0019 L/D giving

L

o\~ (o. 29+0. 0019 —)

Nup = 0.021 Red-Eprd-* (E‘-f) D (8)
b

which is useful for test sections where the length-diameter ratio is as high as
250, such as in reference 3. Both exponents worked equally well for data pre-
sented in this investigation and reference 6. The hydrogen data correlate
better than the helium data with 90 percent of the hydrogen data falling within
10 percent while 80 percent of the helium data correlate to within *10 percent
of the correlating line. The physical properties and density are evaluated at
the bulk temperature. In this investigation and in reference 6, the maximum
bulk temperature is about 2800° R, which is less than the temperature at which
dissociation occurs at the pressures involved.

To show more clearly the trend of heat-transfer parameters when evaluated
by means of equations (3) and (8), the parameters for the two noncooled and the
two precooled wall temperature distributions of figure 2 are shown in figure 8.
Figure 8(a) shows the parameter evaluated by using equation (3), and fig-
ure 8(b) shows the parameter evaluated by using equation (8). The improved
correlation obtained by using equation (8) is quite striking.

SUMMARY OF RESULTS
The following results were obtained in an investigation of heat transfer
to hydrogen and helium at pressures of 37 to 93 pounds per square inch flowing
through a tungsten tube at surface temperatures up to 5300 and ratios of sur-
face to bulk fluid temperature up to 8:

1. Some local heat-transfer data agree to within *10 percent when cor-
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related by using the Dittus-Boelter equation and chemically frozen (chemical
reaction term not included) viscosity, thermal conductivity, and specific heat.
These physical properties and density were evaluated at either the film or the
surface temperature. Data obtained with large axial gradients in heat flux and
surface temperature and large ratios of wall to fluid bulk temperature near the
test-section entrance introduce deviations as great as 60 percent from the cor-
relation equation.

2. A much improved correlation can be achieved for all the data by using
-[0. 29+0. 0019 (L/D) ] .
Nuy, = 0.021 Reg'BPr8'4 (Tw/Tb) where Nw, is the bulk

Nusselt number, Rey, 1is the bulk Reynolds number, Pry is the bulk Prandtl
number, T, 1s the wall temperature, Ty, is the bulk temperature, L 1is the

distance from the test section inlet, and D is the inside diameter of the
test section. The hydrogen data correlate better then the helium data do;

90 percent of the hydrogen data correlate to within #10 percent, while 80 perw.
cent of the helium data correlate to within *10 percent. The physical prop-
erties and the density were evaluated at the bulk temperature.

3. Friction coefficients without heat addition are in good agreement with
the Karman-Nikuradse relation. Friction coefficients with heat addition are in
poor agreement with the Karman-Nikuradse line.

Iewis Research Center
National Aerocnautics and Space Administration
Cleveland, Ohio, October 26, 1964
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APPENDIX - SYMBOLS
c specific heat at constant pressure, Btu/(lb)(OR)
D inside diameter of test section, ft
AE  potential drop, v
T average friction coefficient
G mass flow per unit cross-sectional area, 1b/(hr)(sq ft)
h local heat-transfer coefficient, Btu/(hr)(sq ft)(OR)
I current, amp
k  thermal conductivity of gas, Btu/(hr)(ft)(°R)
L distance from test section inlet, ft
Nu Nusselt number based on local heat-transfer coefficient, hD/k
Pr Prandtl number, cpu/k
P absolute static pressure, lb/sq Tt
Q rate of heat transfer to gas, Btu/hr
Qe rate of electrical heat input, Btu/hr
Re Reynolds number, GD/u
S heat-transfer area of test section, sq ft
Tb bulk temperature of gas, °R
Te  film temperature, (T, + ) /2, °r
T wall temperature, °r
W gas flow, 1b/hr
X parameter for specifying reference temperature; Ty = x (T, - Tp) + Ty

W absolute viscosity of gas, 1b/(hr)(ft)

Subscripts:

av average for complete test section

14




bulk (when applied to properties, indicates evaluation at bulk temperature

Tp)

film (when applied to properties, indicates evaluation at film temperature
T
hi

wall (when applied to properties, indicates evaluation at surface tempera-
ture Ty

test-section entrance

test-section exit

15
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TABLE II.

- EXPERIMENTAL RESULTS

(a) Data for complete test section

1 } T l T 1, B
Runt! Total Teotal Gas |Entrance Exit Ertrance Exit verage | Average Current, |Fotential
reat input, heat flow, |pressure, | Pressure,| temper-| temper-| bulk surface I, ] drop,
Qe/S, transferred, W, D. s Py ature of |ature of|temper- |temper~ amp ] AE,
S, 1b + gas, gas, ature ofjature of ! v
Btu Btu hr |_1b T, ) T » gas test :
Fr)(sq Tt) [(hF)(sq Tt 8q Tt @PS|5q rt abs| Dol 22" ()7, | section,
OR OR blav Tw avs
| °R OR
Helium
32 540, 000 325,000 4,72 5,888 2051 304 1555 930 2997 856 4.16
33 342,000 655, 000 8.75| 10,525 3217 252 1472 862 3376 1080 5.65
34 975,000 712,000 9.36] 10,943 3195 269 1651 960 3784 1080 6.75
5 739,000 443,000 9.03 8,649 2842 254 1151 703 2783 1050 4.47
36 732,000 597, 000 9.12 9,880 3004 260 1449 854 2947 1054 5.40
37 1,010,000 681,000 8.20 10,564 3133 268 1611 339 3511 1067 6.10
38 1,110,000 714,000 9.24! 10,780 3162 272 1677 974 3731 1086 8455
33 1,210,000 758,000 9.24% 11,212 3270 280 1774 1028 3908 1108 7.13
40 1,330,000 886, 000 111.73 13,350 4077 258 1635 947 3852 1188 7.70
41 442,000 85,000 €.06 8,065 2120 277 1160 719 2340 300 3.10
42 539,000 402, 000 £.14 7,187 2127 2506 1470 851 3036 204 4.32
43 750,000 482,000 5.91 7,621 2141 307 1729 1018 3502 932 5.35
44 863,000 504,000 5.54 7,373 2185 210 I 1854 1082 3744 380 $.385
45 1,030,000 562,000 6.11 8,535 2285 izs j 1998 116l 4105 994 6.70
Hydrogen
46 642,000 437,000 £.21 5,371 2362 263 &gz 562 l 1503 1260 2.56
47 1,240,000 956,000 4.€5 7,330 2539 272 1644 957 3264 1240 6.22
48 1,680,000 1,250,000 4497 5,654 2887 277 19836 (1107 3330 1306 5.40
49 2,230,000 1,180,000 5.14 3,88 3298 296 2350 1323 4483 1396 10.6
50 745,000 566,000 4.00 5,422 2110 277 1224 751 2343 1i64 4.02
S 118,00C £52,000 3.89 0,445 2153 287 1742 1015 3490 1172 6.50
52 1,480,000 1,020,000 3.87 7,135 2275 304 2026 1166 3958 1214 7.90
(b) Local outside surface temperatures of test section
Distance from inlet, in.
S 20 A (- T [ 0 -1 s ) - (5 U -1 S R e U AR I W - G O I IR
Run| 0 | 7% §| %) 5| % | 2| 5|3 |4%|4%!5 |55 |65|65| 78| 75| 65| 5|61 °
Wall temperature, T,, °R
32 a499 560 94011350(81740| 2441 2956|3396!3600|357¢&| 3751|3794 |3646!3837 3970(4032 | 3340|373413030/16395 601
33 220]8320 755(1130|21660| 2647 3406] 390314063 |4063| 4063| 4087 [4261 | 4411 {4574 4637 | 4637]4562|3672{2020(640
34 520 620 | 1140(1840| 3552 3588|3952 4186|4211 |4280] 4336|4461 |4625|4790{491815006 | 4944]4714{3727 (2100650
35 | 224032580 | @365 | 475 2103 | 2131222712963 3648 38791 3903| 3952 {4091 |4050{3965[3940 | 3842|3634 ]2905|1630{615
36 {2260{2340 680| 859121060 (21380 2171|2441 3242|3787 | 4050| 4100 [4186 4236 4311|4398 | 441114014 ,3396{18401645
37 485 | 555 96011520 | 2419 | 3135|3684 (4112|4162 |4162|4261{4323 (4448|4587 146124676 | 4688|4562]3818 (2015|675
38 515| 600 | 1090|1759 | 2705 | 3468{3952| 4166|4261 |4261{ 4311|4448 [4562|4663 (4777|4828 | 4841|4663 3854|2090 {690
39 495 585 | 1090{1822] 3153 | 3842{4211|4311|4336|4323]4436|4612|4803]4905 (4982|5040 | 5047|4905 [4063|2215 |[719
40 495| 585 | 1090|1822 2931, 3630(4137;4273 4273 |4286|4336|4511 [4663[4816 (4892|5008 | 5008]4944 {4211 |22221715
41 |2280/2320 490| 575| 2740 1981(2103}2182|2305{2774|3265{3552 [3672{3708(3648}3612 | 3534}3313}2504 {1320 ({575
42 |2400| 513 78011098 | 2126 | 2362|2878]3432|3660|3794|3830{3830 {3879{3940{4001 [4050 | 4026 |38680|2989 (1640|600
43 555| 675 {1180{1779| 2578 3194|3612{3915|402014069|4112{4174 |4236 4361 {4436 (4417 | 4436|429813438{1879 {635
44 600 738 | 1390{2118| 2971 | 3576|3940 4137|4224 {4236]4298|4411 |4536 |4612 {4688 |4726 | 4688|4587 {3684 {2035 [640
45 700| 890 | 1760|2620 2402 3989(4286|4436 (4511 {4574 4637|4803 |4918|5034 |5053 {5034 | 5008|4869 [4032 [2250 |675
46 |8210|2240 | 2400| 480 570 | 8675[1958[1991 |2025 [2081 (2086|2192 (2266|2532 |3194 {3648 B3910{3927 |3188(1528 |655
47 {%390! 480 6901 940 | 2215 | 24183147 3793|4062 [4087 (407514038 |4124 {4173 4248|4348 | 4435|4435 {3988 {2139 |[755
48 520 639 | 1310 (2210 | 3289 | 3903|4235]4310 {4260 |4285|4335{4435 (4586 (4688 (4739|4815 | 4841|4866 {4586 (2540 755
49 680 | 919 | 2230 (3433 | 4335 | 4637467514612 14624 14700(4841(4943 |5072|5124 517615228 | 5280|5280 (5034 (3120 [839
50 280 (8330 52011314 | 1969 | 2047 [2086 2103 [2204 |2333 2878|3491 {3876 {4025 {4025 {3939 | 3854|3708 ,3064 {1590 {633
51 479 | 558 935 | 222 | 2407 | 3053|3684 3964|4062 4087 |4062|4112 (4211|4149 |4323 [4410 | 44984473 (4038 (2140|700
52 5801 730 | 1470|2618 ) 3336 | 3927 {424814310|4310 1431043854498 4586 (4612|4686 14751 | 4841|4815 (4410|2135 1740

8Values from faired curves.

17



TABLE IT. - Continued. EXPERIMENTAL RESULTS

(¢) Data for increments

Increment Local Average Average ||Increment Local Average Average
heat- outside bulk heat- outside bulk
transfer surface temper-~ transfer surface temper-
coefficient,| temper- ature of coefficient,| temper- ature of
h ature of | increment, h ature of increment,
increment, Tb B increment, Ty,
Tys oRr T,» og
°R °R
Run 32 Run 36
1 135 815 317 1 100 596 263
2 217 1700 384 2 332 950 288
3 195 2550 515 3 335 1510 349
4 186 3340 686 4 323 2490 453
5 200 3650 887 5 282 3650 603
6 218 3770 1105 6 317 4070 791
7 233 3870 1330 7 360 4180 1008
8 242 3970 1555 8 369 4330 1235
9 248 3933 1769 9 377 4382 1457
10 -646 2996 1714 10 -333 3280 1508
Run 33 Run 37
1 182 636 258 1 228 800 278
2 365 1378 301 2 323 1870 338
3 282 2770 400 3 285 3200 463
4 267 3836 543 4 292 4009 837
5 296 4070 717 5 242 4170 845
6 327 4080 906 6 357 4290 1070
7 332 4325 1101 7 362 4500 1297
8 324 4570 1299 8 379 4650 1528
9 335 4625 1495 9 402 4670 1759
10 =310 3613 1532 10 -708 3636 1743
Run 34 Run 38
1 278 980 288 1 217 910 285
2 328 2150 363 2 321 2120 354
3 273 3556 500 3 293 3530 497
4 306 4138 683 4 324 4173 694
) 331 4250 892 5 353 4260 920
6 335 4410 1107 6 369 4390 1152
7 325 4680 1319 7 376 4610 1387
8 310 4940 1527 8 391 4770 1627
9 321 4942 1729 9 406 4831 1865
10 -450 3782 1740 10 -818 3738 1830
Run 35 Run 39
1 -1102 350 242 1 152 960 290
2 492 630 249 2 330 2360 365
3 345 1500 309 3 295 3880 526
4 249 3013 415 4 340 4300 741
S 283 3780 570 5 370 4340 981
6 305 3950 759 6 383 4530 1227
7 325 3990 955 7 380 4830 1475
8 2347 3970 1152 8 401 4990 1728
9 369 3830 1342 9 428 5031 13983
10 -898 2862 1292 10 -878 3902 1943




TABLE II. - Continued.

(c) Continued.

EXPERTMENTAI, RESULTS

Datae for increments

Increment Local Average Average Increment Local Average Average
heat- outside bulk heat~ outside bulk
transfer surface temper- transfer surface temper-
coefficient,| temper- ature of coefficient,| temper- ature of
h ature of |increment, h ature of |increment
increment, i increment, Ty,
Ty °r Ty OR
OR OR
Run 40 Run 44
1 270 930 27z 1 135 1130 327
2 361 2260 339 2 231 2440 414
3 336 3733 477 3 231 3620 592
4 374 4267 665 4 264 4110 830
S 408 4285 87¢ S 287 4240 1099
6 421 4440 1092 6 304 4370 1374
7 419 4720 1311 7 312 4560 1651
8 435 4910 1534 8 332 4680 1929
9 454 5027 1762 9 362 4702 2206
10 -692 4018 1756 10 ~-1050 3627 2099 -
Run 41 Run 45
1 -307 440 269 1 102 1420 341
2 317 650 279 2 249 2910 448
3 249 1070 324 3 249 3996 662
4 2317 1800 401 4 277 4420 927
5 219 2680 521 5 292 4560 1215
6 218 3400 680 6 311 4730 1508
7 234 3680 867 7 315 4970 1804
8 260 3650 1065 8 343 5050 2101
9 273 3560 1259 9 385 5004 2399
10 -524 2489 1257 10 -1145 3893 2273
Run 42 Run 46
1 82 700 291 1 -428 356 260
2 294 1300 338 2 539 520 267
3 204 2450 440 3 467 710 292
4 211 3380 587 4 465 940 328
5 227 3760 774 5 461 1240 378
6 253 3830 980 [ 475 1660 446
7 270 3900 1194 7 492 2290 544
8 286 4000 1410 8 456 3270 682
9 295 3996 1623 9 466 3893 854
10 -590 3044 1601 10 -288 3111 905
Run 43 Run 47
1 143 980 321 1 =300 627 263
2 232 2130 397 2 474 1133 287
3 224 3230 551 3 421 2470 388
4 229 3898 753 4 395 3764 547
5 256 4060 984 5 440 4080 742
6 292 4140 1234 6 479 4070 951
7 303 4290 1494 7 535 4320 1169
8 317 4430 1753 8 557 4275 1394
9 340 4464 2011 9 577 4420 1618
10 -921 3387 1934 10 -305 3773 1686
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TABLE II.

(¢) Concluded.

- Concluded.

EXPERIMENTAL RESULTS

Data for increments

Increment Local Average Average || Increment Local Average Average
heat- outside bulk heat- outside bulk
transfer surface temper- transfer surface temper-
coefficient,| temper- ature of coefficient,| temper- ature of
h ature of |increment, h ature of |increment,
increment, Ty s increment, Ty
TW’ OR TW’ OR
°Rr °r
Run 48 Run 51
1 367 1090 299 1 238 830 299
2 433 2640 390 2 410 1782 365
3 447 3969 563 3 348 3253 502
4 498 4290 781 4 376 3951 690
5 546 4290 1015 5 408 4085 902
6 571 4410 1253 6 464 4110 1129
7 590 4620 1493 7 497 4170 1364
8 622 4780 1734 8 515 4330 1598
9 665 4850 1974 9 537 4470 1828
10 -586 4204 2015 10 -678 3711 1842
Run 49 Run 52
1 366 1730 332 1 330 1227 332
2 487 3800 478 2 353 2884 437
3 538 4618 722 3 393 4000 629
4 594 4630 994 4 434 4311 868
5 634 4690 127z 5 477 4325 1124
6 668 4890 1552 6 505 4420 1384
7 708 5080 1833 7 530 4590 1643
8 759 5210 2115 8 563 4725 1900
9 824 5270 2394 9 604 4810 2155
10 -711 4662 2442 10 -878 4013 2155
Run 50
1 -233 471 273
2 479 596 282
3 430 850 317
4 418 1335 374
S 395 2140 465
6 373 3267 604
1 385 3933 785
8 420 4010 989
9 453 3870 1193
10 -248 2978 1259

NASA-Langley, 1965

E-2664



